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Abstract

A ncw mathematical model for describing ra(liatio]~-il~d~lcc(l  attenuation in oplical  fibers is

prcscntcd. Unlike the existing empirical pOWCI< law, the ncw cxpmsion  is dose-rate

dcpcndcnt and can be used to predict low-dose-rate induced fiber loss occurring in space

from the normally high-dose-rate mults obtained  in a ground-based laboratory. ‘1’hc new

theory is in good agreement with the cxpcri  mcnt.



1. Introduction

11 is well-known that optical fibers have several actvantagcs mm coaxial cables, including

high bandwidth, light weight, being immune to clcctmmagnctic  intcrfcrcnce  (EM1), and

being resistant to corrosive chemicals. IIcploymcnt  of optical fiber cables in future space

missions and nuclear plants will soon bccomc a reality as a result of many mcarch

works.’- I] These works have shown that radiation may induce both rccovcrablc

attenuation and non-rccovcrablc  residual attenuation in fibers. But, in general, optical

fibers arc suitable for space applications. Rcccntly,  the advent of several ncw radiation-

hardcncd  fibers further makes the usc of optical fibers in space practical,

An empirical cxprcssionlj]o  for describing radiation-induced attenuation has been widely

used in the past. However, this expression is not explicitly dose-rate dcpcndcnt, while, in

general, the radiation-induced fiber loss is. The radiation dose rate cncountcrcd  in space

orbits is, in general, rclativcl  y lower than the dose rate gcncratcd  in a ground-based

laboratory. As a result, it is desired to have a theory which can predict the radiation-

induccd  attenuation in fhcrs deployed in space from the results obtained in a ground-

bascd laboratory. An extrapolation method for obtaining low-dose rate results from high-

dosc rate data has been reported previous] y. 1 I

radiation-induced fiberIII this paper, wc present a ncw theoretical model for predicting

loss, based on the linear supcq~osition  principle. This ncw theoretical model yields a dosc-

ratc dcpcndcnt expression for radiation-induced fiber loss. The special case of constant

dose rate is considered specifically and compared with cxpcrimcntal  results. The part of

data taken during radiation on is fitted with the ncw expression to dctcrrninc  the parameter

va]ucs of lhc expression. Then the rccovcry  part of the data is compared with the

theoretical curve plotted using the parameter values obtained from curve fit. This ncw

theory can bc used to estimate the radiation-induced fiber loss for any dose-rate pattern. III
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particular, it is useful for computing the fibw loss [o bc cxpcctcd  in the low-dose rate

space environment, using data gcncratcd  in a high dose-ra[c, ground-based laboratory.

2 Existing Theory

The radiation-induced

power law,l’l”

attenuation in optical fiber has been empirically found to obey the

A = (i])b (1)

where A is the induced loss, l) is the total dose of radiation, and a and b arc constants.

Eq. (1), which has been widely uscct to dcscribc  cxpcrimcntal  results, states that the

radiation-induccxt  loss in fibers is a power function of the total dose. All other dcpcndcnt

variables such as dose rate arc cmbcddcd  in parameters a and b which arc to bc estimated

by fitting Eq. (1) to cxpcrirncntal  data.

When radiation ccascs, the total induced loss will rccovcr partially duc to t}~crmal

annealing. ‘1’hc mcovcry  of the induced loss can bc dcscribcd  by the following Cquation,ljlo

A = (A.

where A ~ and Aj arc the initial

dcpcndcnt kinetics order, and

-- A, )[ 1 + (X]-l’(”-’) +- A, (2)

and final values of the induced loss, n is the matcrial-

Cc (1 /7)(2”-’ -1) % (3)

where T is the half-height lifetime of the rccovcry process, i.e. the time it takes for A–Ay  to

rcd ucc to Y2(A ~–Aj) from A ~--Af

Since the rccovcry  will begin as soon as the radiation-induced loss occurs, the total

radiation induced loss should also depend on the dose rate. l~or the sake of argument,

consider two cxtrcmc  cases in which the dose rates arc approaching infinity and z,cro,
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mspcctivcly,  given a fixed total dose. “1’hcn in the former, the radiation-induced color

ccntcrs have litdc time to decay over the who]c event, ‘I”hus, the total induced loss is

essentially equal to that caused by the total induced color centers. In the latter, the induced

color ccntcrs have much time to decay over the whole event. ‘1’bus, the total induced loss

is mscntiall  y given by the residual val U C. These two cases show that the induced

attenuation is dose-rate dcpcndcnt  indcccl. In order to predict the induced loss for any

dose rate pattern, the expression used must k explicitly dose-rate dcpcndcnt.  In the

following, such a ncw expression is derived theoretically.

3. New Theory

(lur theoretical model is based on the assumption that the radiation-induced co]or-ccntcr

generation (or loss phenomenon) is a linear effect. l’bus, the overall effect can bc treated

as the superposition of many indcpcndcnt  events occurring sequentially in infinitcximal

time intervals. If these events occur bctwccn time equal to O and t, the standard

mathematical expression for such a statement is

R(f)  = j f(l’)h(r-–  r’)(w (4)
o

where h(z–z’) is tbc impu]sc function rcprcscnting  the response of the systcm to a unit of

excitation over the interval ?–t’, j(f ’) is the excitation function rcprcscnting  the number of

units of excitation rate at (‘, and R(z) is the total response function describing the total

response from O to t.

Imt us assume that the impulse function, )I(z-z’), is proportional to the right side of Eq. (2)

and the excitation function, j(f ‘), is given by the time-dcpcndcnt dose rate function, l) ‘(t’).

‘Ilcn  substituting these functions into Eq. (4) yields the total radiation-induced attenuation

in a fiber,
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-1 1A(f )  =  jD’(f’)  (aO --af)[l  -i Ci(H’)];-l  -t a, dt (5)
o

where aO and a~ arc the microscopic versions of AO and Aj in I;@. (2), rcspcctivcly.  ci has

the same definition as c in Eq. (3), cxccpt  the parameter ‘t (or Zi in Fig. ] ) JIOW represents

the half-height lifetime of an intinitcsimal  excitation cvcnl.

in general, using numerical method, Eq. (5) can bc used to predict the radiation-induced

loss for any dose-rate function 1) ‘(t ‘). This includm  the special case of the rccovcry

process in which 1~’(1’)==0 for t’ greater than the tirnc at which the radiation ccascs.  In the

special case of constant dose rate, the right side of Eq. (5) can bc readily integrated and

bccomcs

(6)

The main diffcrcncc bctwccn’ the ncw formula, Eq. (6), and the existing power law,

Eq. (1), is that Eq. (6) is cxplicitl  y dose-rate- and kinetics-order-dcpcndcnt.

To further compare III. (6) with Eq. (1), two special cases, r approaches zero and infinity,

arc considered below. As ? approaches zero, Eq. (6) rcduccs to a linear equation,

A== OOD (7)

Thus, Eq. (6) dots not convcrgc to the exact form of Eq. (1) in this regime. However, as I

approaches infinity, 13q. (6) bccomcs

A = a’li” + cifll (8)

where a‘ and b’ arc given by



(9)

),’ ~ Y–2. ,
n–1

(10)

rcspcctivcly. In the case of aO>>aP Ekl. (8) dots COnVCrgC to power law, ~~q. (1).

After the radiation is tumcd off, the color ccntcrs will decay via recombination and the

fiber will rccovcr from the induced loss with a permanent induced residual loss as in

Eq. (2). For the special case of constant dose rate, the rccovcry  of the induced loss as a

function of time can bc cxplicitl y derived from llq. (S) as WCIL

I.ct us assume the radiation is ccascd at time ~0 and wc arc intcrcstcd in finding out the

induced fiber loss after this point at time t. Then F4. (4) can bc rewritten as

R(l) = f f(t’)h(l  -1’)d/’ (11)
o

Note that the upper limit of the integral in I@s (4) and (11) arc different. ‘1’bus, the

rccovcry equation can bc readily derived from E4. (5) as given by

(12)

‘1’hc half-height lifetime of rccovcry is not explicitly indicated in Eq. (12). However, it can

bc evaluated from the plot of this equation. As cxpcctcd,  when the total elapsed time is

much larger than the radiation time, i.e. ~>>fO, I;q. (12) approaches the residual value, n~~.

4. Experimental Testing of the New Theory



To test the ncw theory, the cxpcrimcntal  data from a previous workc arc fitted by I@. (6)

as shown in Fig 1. Then the parameter values obtained by curve ht arc used in Eq. (12) to

plot the rccovcry curve and compamcl  with the cxpcrimcntal  result. I’hc data was obtained

using CoGo to bombard a multimode optical fiber cable at room tcmpcraturc with a

constant dose rate, 15.5 rad/scc.

Reasonably good fit is observed in Fig. (1). The infinitmimal rccovcry time t, (0.7 1 milli-

seconds) obtained from curve-fit is much shorter than tbc macroscopic rccovcry time (670

seconds). The theoretically prcdictcd  rwovcry  curve as shown in Fig 2 is also reasonably

consistent with the cxpcrimcntal  data. ‘.l’hcsc results strongly indicate that the linear

superposition principle based theory dcscribcd above is adequate for describing the

radiation-induced fiber loss cffczt.

‘1’o compare the ncw theory, Eq. (8), wilh the existing theory, E@. (1), the data in Fig. (1)

were also fitted with E@. (]) and yield a=O.019 and .! J= O.68. on the other hand, from

l~~s  (9) and (1 O), wc obtain the equivalent parameter values a ‘=0.014 and b’=0.66 which

arc CIOSC  to the values of a and b. This comparison is not cxpcctcd  to yield the same

parameter values, bccausc Eq. (8) is a rcduccd  form of I@. (6) for r approaches infinity.

5. Summary and Conclusions

Wc have prcscntcd  a ncw theoretical model for predicting radiation-induced fiber loss,

based on the linear superposition principle. This ncw theoretical mode] yields a dose-rate

dcpcndcnt expression for radiation-inducccl  fiber loss. The special case of constant dose

rate was considered specifically and compared with cxpcrimcntal  rcsul~s. A good

agrccmcnt was observed bctwccn  the theory and the cxpcrimcnt.  This ncw theory can bc

used to estimate the radiation-induced fiber loss for any dose-rate pattern. In particular, it



is USCfLll for computing the fiber loss to bc expcctcd in Ihc low-dose rate space

environment, using data gcncratcct  in a high dose-rate, ground-bascxl laboratory.
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Figure captions:

Pigurc 1. ~urvc  fit of the cxpcrimcntal  data using the ncw theory.

1 ~igurc 2. I“hcorctical  and cxpcrirncntal  plot of lhc rccovcry  cLlrvc.
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